Abstract-Infectious disease is one of the health issues that threatens the world population. The spread of infectious diseases can be controlled via vaccination program and self-isolation as suggested by the public health organization. The individuals' incentives to take the control measures are depend on their fearfulness on the disease. This fearfulness or feeling of fear is associated with human behavior. Hence, the objective of this study is to incorporate human behavior in disease modeling. We also aimed to study the level of fearfulness in both subpopulations of receiving complete information and receiving incomplete information and its impact to the vaccination program. In this paper, a model is developed by using individualbased modelling approach to capture the human behavioral changes during disease outbreak. The analysis of the results presented the relationship between the fearfulness and the vaccination decision of the individual. Hence, the level of fearfulness needs to be examined in order to organize an effective vaccination program.
I. INTRODUCTION
Infectious diseases have been recognized as one of the crucial issues that threaten the health of the world population. It is defined as the illness which is induced by the pathogenic organisms such as viruses, fungi or protozoa [1] . There are a lot of factors that affect the spread of infectious diseases, namely geographical, environmental, and demographical. Many of the epidemiological characteristics are taken into consideration in disease modelling, for instance, the latent period, disease transmission rate, and recovery rate for the diseases [2] . Back in 1927, Kermack-McKendrick model marked the beginning of the mathematical disease modelling which considered the disease transmission rate and the recovery rate for the disease [3] . This model is governed by three ordinary differential equations (ODEs). There are three compartments in this model, namely Susceptible, Infected, and Recovered, which represent the subpopulations accordingly. The basic SusceptibleInfected-Recovered (SIR) model considers only of viruses' transmission and recovery rates. It does not take into account of other factors.
Besides, human behavior also affects the spread of disease. Thus, human behavioral changes have been taken into account in recent disease modelling [4] . The interaction among the individuals in a population and how they behave during the disease outbreak play an important role in epidemiology as they influence the dynamic of the disease spread. During the disease outbreak, mass media information about this disease will be spread widely. It will then induce fearfulness and awareness in the population. Fearfulness can be expressed as a social anxiety contagious process [5] . It can be spread in the population due to the interactions of the individuals. If an individual is in fear of the disease, he/she may spread the fearfulness by influencing his/her neighbors. The neighbors here are referred to the people surrounding him/her, for instance, family and close friends. Fig. 1 shows a simple illustration on how the fearfulness is spread from a feared individual. With the advanced telecommunications nowadays, the fearfulness not only can be spread through physical contacts, but also via the social networks, for instance, Twitter. Twitter can be used as a digital surveillance of the spread of fearfulness during a disease outbreak [6] . The fearfulness is spread to the friends in the social circle via the tweets posted. As mentioned before, the information of the disease induces fearfulness to the individuals. Some individuals are not exposed to the information coverage and hence they will receive less or incomplete information about the disease during the outbreak. Therefore, they will have lower awareness or fearfulness on the disease. When the individuals are feared of the disease, they have higher incentive to take the control measures. In order to prevent the infectious diseases to be spread, the authorities have recommended some precautions, for example, selfisolation during disease outbreak, vaccination program, and intensive hygienic care in daily life [7] . Hence, the fearfulness of the residence brings impact to the effectiveness of the control measures suggested. For instance, during the outbreak of Severe Acute Respiratory Syndrome (SARS) in 2003, the travelling and social contact in Hong Kong and Singapore were reduced due to the fearfulness and awareness of the individuals [8] . However, self-isolation only helps to prevent the disease to spread. It does not provide immunization to the individuals. In order to eradicate the disease, the health organizations introduced vaccination program to the population. Back in 1977, smallpox was successfully eradicated by the worldwide vaccination program [9] . Thus, it is believed that vaccination program can build the immunization of the population.
In our previous study, the basic SIR concept has been deployed by introducing "Fear" and "Vaccinated" compartments in order to incorporate human behavior in disease modelling [10] . Our model is governed by a set of ODEs which is categorized as equation-based modelling (EBM) approach. As in EBM, the population is assumed as homogenous. The individuals in a large population are aggregated into homogenous subpopulations [11] . However, in reality, the population is heterogeneous and each individual in the population is behaving uniquely. In order to incorporate human behavior in the study, individual-based modelling (IBM) approach is applied to capture the heterogeneity of the population. In IBM, the individuals in the population are represented by agents and they are assigned by a set of rules to allow them to behave and interact with each other. Apart from behaving and interacting, the decision making of the agents can be assisted by the rules [12] . Therefore, in our study, we constructed a model with IBM approach to overcome the limitation in the equation-based model.
In this paper, we presented the individual-based model which studied the same problem statement as our mathematical model. The model formulation is presented in Section II. In Section III, we presented the results and analysis. Discussion and conclusion are given in the last section of this paper.
II. MODEL FORMULATION
In our previous study, an equation-based behavior-disease model is formulated to capture human behavior in disease modeling [10] . In the behavior-disease model, "Fear" and "Vaccinated" compartments are introduced. There are five compartments in the model, namely Susceptible (S), Infected (I), Fear (F), Vaccinated (V), and Recovered (R) (shown in Fig.  2 ). In the equation-based model, the population is assumed to be homogenous, which means well-mixed. In the population, there are susceptible individuals and some random selected individuals fall in the compartments of Feared, Infected and Vaccinated initially. The infectious diseases considered in our study are vaccine-preventable diseases and they are assumed to be transmitted from human to human. Animals are not considered as carriers of the viruses in our study. Thus, in our model, the susceptible individuals will be infected with the probability of β when they come into contact with the patients. The infected individuals will be recovered at the rate of λ. During the disease outbreak, the individuals are exposed to the information of the disease which spread throughout the population. With the information spread, the susceptible individuals might be feared of the disease when they interacted with the initial feared individuals with the probability of α. This induced the fearfulness to be spread in the population. In the meantime, there will be a vaccination program during the outbreak. It can either be an existing program or newly introduced vaccination program. As discussed before, the feared individuals will have a higher incentive to take the precautions. In our study, the feared individuals are given the opportunity to make their vaccination decision. This is modelled as an imitation process where game theory is applied [13] . The decision to be vaccinated made by the feared individuals is not only based on their self-rationality but also based on their neighbors. They learn about the disease's risks, vaccine availability, and vaccine risks from the neighbors. All of the information they gathered will be reflected to the payoffs in game theory. In the vaccination game, there are two strategies, which are, to-vaccinate and not to-vaccinate. The players who are the feared individuals have to make their decision by selecting one of these strategies. The vaccines do not provide lifelong protection to the individuals. Therefore, the parameter h indicates the rate of a vaccinated individual to be susceptible again. If the feared individuals opt for not tovaccinate, they might be infected by the viruses with the probability of β f where β f is lower than β [19] . Since the feared individuals are more aware to the diseases, they have higher incentive to take the control measures to protect themselves from the infection. However, those control measures do not provide them the immunity to the diseases. Thus, the feared individuals who do not select the strategy of to-vaccinate have a lower probability to get infected as well. As it is expected that the feared people would have taken some form of precautions and thus such is reflected in the β f parameter which is lower than β.
However, in the equation-based behavior-disease model, we assumed the population is well-mixed. As discussed before, IBM approach is used to capture the heterogeneity of a population in real world. Thus, to study the same problem in a real world context, we constructed an individual-based behavior-disease model. In this model, the individuals are represented by a set of agents. The agents are divided into five groups, which are Susceptible, Infected, Fear, Vaccinated and Recovered respectively. These are categorized as shown in the compartmental diagram (refer Fig. 2 ). The agents hold the status based on the groups and they are assigned by a set of rules to allow them to behave accordingly and interact with each other in the environment. A flow chart is drawn to characterize the individual-based disease-behavior model and to highlight the processes in this model (Fig. 3) . The implementation of this model is based on the processes stated in the flow chart. The processes in the individual-based behavior-disease model are similar as in the equation-based model. The difference is that each agent in the individual-based model is assigned by two sets of random numbers, which represent the agent's mindset and health status respectively. The following are the rules in the individual-based model:
• During the interaction of the susceptible and the infected individuals, the susceptible individuals will be infected by the viruses if his/ her health status is lower than the probability of disease transmission, β.
• During the interaction of the susceptible and the feared individuals, the susceptible individuals will be feared if his/ her mind set is lower than the probability of getting feared, α.
• During the interaction of the feared and the infected individuals, the feared individuals will be infected by the viruses if his/ her health status is lower than the probability of reduced disease transmission, β f . The reduced disease transmissibility is introduced due to the feared individuals have higher incentive to take precautions.
• The feared individuals are given the opportunity to make their vaccination decision. Once they decide to vaccinate, they will be categorized in the vaccinated group and this is a non-reverse process. However, if they do not want to vaccinate at this time step, they can make their decision at the next time step.
• The infected individuals will recover after D days, depends on the recovery rate of the disease, λ, where D = 1/λ.
• The health status, mindset, and the belonging groups of the agents will be updated at each time step.
The contact pattern and the movement of the agents in the individual-based model are random. We classified the agents into two subpopulations. One of these subpopulations (named as A) received all disease information during the disease outbreak while another one (named as L) received less or incomplete disease information. We distinguished these categories by altering the level of health status and mindset. Due to less or incomplete information received, subpopulation L has lower awareness on the disease and feeling less fear about the disease. Therefore, they are assigned with lower value of health status and mindset compared to subpopulation A's. With the difference in the level of health status and mindset, the dynamics of disease transmission and fear transmission are hypothesized to be different.
The vaccination decision making process is modelled as an imitation process with the aid of game theory (refer Fig. 4) . When the feared individuals are given the opportunity to make their vaccination decision, the risk of infection and vaccination will be considered as the factors that influencing the payoffs. There are two strategies in the vaccination game, which are tovaccinate and not to-vaccinate. The payoffs for these strategies are denoted by P V and P N respectively. The risks of infection and vaccination are represented by r I and r V respectively. Apart from the risks, the individuals imitate their neighbors in making their vaccination decision. The imitation ability of each individual is unique as it depends on the mindset of the individuals. By considering the factors that influencing the vaccination decision, the payoffs for both strategies are formulated as below (adopted from [13] ):
In Eq. (2), m represents the imitation ability of the individuals and I(t) denotes the total infected individuals at a particular time t.
The individuals are willing to vaccinate if P V > P N . In our individual-based model, once the individuals decide to vaccinate, they will be tagged as "Vaccinated". The vaccinated individuals cannot reverse their decision. However, the individuals who decide not to vaccinate at this time step are remained as feared individuals and they are given the opportunity to make their decision again at the next time step. On the other hand, the vaccinated individuals will be susceptible again after the effectiveness of the vaccine subsides. This is due to the fact that the vaccine does not provide lifelong protection to the individuals. The duration of effectiveness of the vaccine is denoted as T where T = 1/h.
As one of the factors influencing the vaccination decision is the imitation ability, each individual has a unique mindset in imitating the others, therefore, the feared individuals might refuse to engage in the vaccination program. Instead, they adopt some other precautions such as intensified hygienic care or self-isolation. Although they adopt these precautions to protect themselves, but they still have the probability to be infected by the viruses since they do not have the immunity. However, the probability of a feared individual to be infected is lower than that of a susceptible individual. As mentioned before, the reduced probability of a feared individual to be infected is denoted as β f . In our model, the fearfulness of the individuals will not fade out until the end of the disease outbreak period. Hence, the feared individuals have the chances to make their vaccination decision as long as they are not infected by the viruses. 
III. RESULTS AND ANALYSIS
Our individual-based model is constructed in the platform of NetLogo. In fact, there are several platforms for IBM approach, for instance, NetLogo [14] , GAMA [15] , and Repast [16] . The concept of constructing the model in these platforms is similar. Due to ease-of-use, we have chosen the NetLogo platform to set-up our individual-based model. NetLogo is a modelling platform which is programmable to simulate the natural and social phenomena. It is an open source platform that provides user-friendly environment to the modellers and users [17] . In the process of constructing our individual-based model, the flow chart shown in Fig. 3 is transformed into the programming script in NetLogo environment.
After the model is constructed, we run the simulation with the set of parameter values rescaled from [10] : initialsusceptible= 985; initial-infectious= 5; initial-fear= 5; initialvaccinator= 5; β= 0.014; α= 0.01; β f = 0.0098; λ= 0.04; h= 0.002. These parameters values are adopted from a case study of flu epidemic in a small town [18] . As described in Section II, the agents who symbolize the individuals in the population are assigned by two random numbers to represent the health status and mindset respectively. The random numbers are generated by uniform distribution. There are several distributions to generate random number, for example, Poisson distribution and exponential distribution. Both of Poisson and exponential distributions generate the values based on the number of event occurrences in a given time interval [19] . However, our model does not consider the number of occurrences of individuals to change their health status and mindset in a given time interval. Thus, we selected uniform distribution as random number generator in the model.
As presented in Section II, there are two types of agents in the model, subpopulation A and subpopulation L. In our individual-based model, there are two options for the agents set up representing subpopulation A and subpopulation L respectively. The information of the disease can be the factor that influences the spread of fearfulness during the disease outbreak. Some individuals are exposed to more and complete information than others during the outbreak. This induced the difference in the level of fearfulness between these two subpopulations. The difference of the fearfulness level is believed to cause a variation in the spread of disease among both categories of individuals. Hence, we carried an experiment on both of the options of agents set up. In this experiment, we set a lower value of health status and mindset for subpopulation L. The population counts for susceptible, infected, and recovered in subpopulations A and L from the experiment as shown in Fig. 5 and Fig. 6 . There are lesser infected individuals among the subpopulation A compared to the subpopulation L. The flatter infected curve in Fig. 5 indicates the time taken for the disease to spread among subpopulation A is longer if compared to that among subpopulation L. As the subpopulation A is exposed to more information, they have higher level of fearfulness and thus they will take more precautions to protect themselves from the infections. Hence, the disease spreading required a longer time. In opposition, subpopulation L received less or incomplete information of the disease and hence it is induced less awareness and fearfulness. This caused the difference in the fearfulness level during a disease outbreak. Less awareness and fearfulness on the disease lead to lower incentive to take precautions to avoid infections. This may be one of the reasons that caused the disease to spread in shorter time. As the level of fearfulness influences the incentives of the individuals to take precautions including vaccination, it brings the impact to the immunization in the population and hence the eradication of the disease will be affected. Therefore, the level of fearfulness of the individuals has to be examined in order to study the disease spreading.
IV. DISCUSSION AND CONCLUSION
In our proposed model, we suggested the integration of fear and vaccination in disease modelling [10] . The results in [10] show the disease outbreak is delayed with the integration of fear and vaccination. Due to the limitation of EBM approach to capture the heterogeneous of the population, we are motivated to conduct an individual-based model. In IBM approach, the agents are used to represent the individuals in the population. As discussed before, the agents will be assigned by a set of rules to allow them to behave and interact in the environment of the model. In addition, the rules can assist the agents to make decision [20] . The decision made by the agents may vary their status at the next time step. IBM approach has been applied in many fields, for instance, economics [21, 22] , and disease modelling [23, 24] . In our individual-based model, the agents are assigned with two random numbers to represent their health status and mindset. The numbers are generated randomly by applying uniform distribution. These random numbers are unique to each of the agents. As in a heterogeneous population, each individual is unique and this is induced by the demographic factors, environmental factors, and belief system [25] .
The public health organizations have put on large efforts to introduce and publicize the voluntary vaccination program widely. The voluntary vaccination program is believed as an efficient way to eradicate the infectious diseases [6] . As there are many campaigns and publicity of the vaccination program, the information will be spread widely in the population and the awareness of the individuals will be increased. This will induce the fearfulness of the individuals on the infectious disease. The fearfulness on the disease will affect the individuals' incentives to engage in vaccination program. This is due to the "fundamental" behavioral objective of human where they will tend to protect themselves from the disease, which is disease avoidance, when they are aware of the threat on their health [5] .
The vaccination coverage is related to the level of fearfulness of the individuals [27] . If the level of fearfulness in the population is higher, the number of individuals who respond to the precautions will increase as well. There is a larger possibility of the individuals to engage in vaccination program. As the vaccination program is modelled as an imitation process, the individuals will imitate their neighbors if their neighbors are aware of the vaccination and have involved in the vaccination program. The number of vaccinators will be increased.
Some individuals are not exposed to complete information during a disease outbreak and caused them have lower awareness and fearfulness on the disease. This induced a higher number of infections in the subpopulation where the individuals received less or incomplete information. In order to increase the awareness among the individuals, the policy makers can organize some campaigns of the diseases and vaccination in each district or residential area. Through these campaigns, the residence will be exposed to the risks of the diseases and the benefits of taking vaccine. Besides, the subsidized vaccination program will encourage more individuals to take the vaccine as it reduced the monetary cost of the vaccine.
In a nutshell, our simulation results show that there are lesser infected individuals in the subpopulation who receive all information about the disease since the level of fearfulness among this subpopulation is hypothesized to be higher than those who received less or incomplete information. The time taken for the disease to spread in the former subpopulation is longer as well. This is due to the individuals in this subpopulation take more precautions. Since the fear level plays a key role in this study, there is a need to examine and quantify this parameter. This quantitative value on the level of fear of the disease can be used to validate our model.
